By extending our general spin-current model to noncentrosymmetric spin dimers and performing density functional calculations, we investigate the causes for the helical magnetic order and the origin of the giant ferroelectric polarization of CaMn 7 O 12 . The giant ferroelectric polarization is proposed to be caused by the symmetric exchange striction due to the canting of the Mn 4þ spin arising from its strong Dzyaloshinskii-Moriya interaction. Our study suggests that CaMn 7 O 12 may exhibit a novel magnetoelectric coupling mechanism in which the magnitude of the polarization is governed by the exchange striction, but the direction of the polarization by the chirality of the helical magnetic order. DOI: 10.1103/PhysRevLett.108.187204 PACS numbers: 75.85.+t, 71.20.Àb, 75.30.Et, 77.80.Àe A crucial issue to solve in the field of spintronics is how to control the magnetism of a solid effectively with an electric field. Prospective candidates that can potentially host a strong magnetoelectric (ME) effect are multiferroics in which both magnetic and ferroelectric orders can coexist to host a strong magnetoelectric (ME) effect [1, 2] . In particular, those with polarizations driven by a magnetic order are promising because of their intrinsic ME coupling. A direct coupling between magnetism and ferroelectricity was demonstrated in several multiferroics [3] [4] [5] [6] [7] [8] , but the magnitudes of their polarizations are usually rather small. Very recently, it was reported [9,10] that a mixed-valent manganate CaMn 7 O 12 , consisting of one Mn 4þ and six Mn 3þ ions per formula unit (FU), exhibits a giant ferroelectric polarization (2870 C=m 2 ) along the c direction at 90 K, below which it adopts a helical magnetic order with propagation vector (0, 1, 0.963). This giant ferroelectric polarization in CaMn 7 O 12 is puzzling: according to the spin-current model of Katsura et al. [11], the helical magnetic structure cannot induce a nonzero ferroelectric polarization. Recently, we presented a more general model [12] that explains the ferroelectric polarizations induced by a helical magnetic structure. These ferroelectric polarizations arise from spin-orbit coupling (SOC) and hence are very weak in general. Currently, the microscopic origin of the giant ferroelectric polarization in CaMn 7 O 12 is unknown, although a phenomenological ferroaxial coupling mechanism [10,13] has been proposed.
A crucial issue to solve in the field of spintronics is how to control the magnetism of a solid effectively with an electric field. Prospective candidates that can potentially host a strong magnetoelectric (ME) effect are multiferroics in which both magnetic and ferroelectric orders can coexist to host a strong magnetoelectric (ME) effect [1, 2] . In particular, those with polarizations driven by a magnetic order are promising because of their intrinsic ME coupling. A direct coupling between magnetism and ferroelectricity was demonstrated in several multiferroics [3] [4] [5] [6] [7] [8] , but the magnitudes of their polarizations are usually rather small. Very recently, it was reported [9, 10] that a mixed-valent manganate CaMn 7 O 12 , consisting of one Mn 4þ and six Mn 3þ ions per formula unit (FU), exhibits a giant ferroelectric polarization (2870 C=m 2 ) along the c direction at 90 K, below which it adopts a helical magnetic order with propagation vector (0, 1, 0.963). This giant ferroelectric polarization in CaMn 7 O 12 is puzzling: according to the spin-current model of Katsura et al. [11] , the helical magnetic structure cannot induce a nonzero ferroelectric polarization. Recently, we presented a more general model [12] that explains the ferroelectric polarizations induced by a helical magnetic structure. These ferroelectric polarizations arise from spin-orbit coupling (SOC) and hence are very weak in general. Currently, the microscopic origin of the giant ferroelectric polarization in CaMn 7 O 12 is unknown, although a phenomenological ferroaxial coupling mechanism [10, 13] has been proposed.
In this Letter, we show on the basis of first principles density functional theory (DFT) calculations that the giant ferroelectric polarization originates mainly from the symmetric exchange striction associated with a particular spin exchange path between Mn 4þ and Mn 3þ ions, the Dzyaloshinskii-Moriya (DM) antisymmetric interaction [14] between them is unusually strong for magnetic insulators (i.e., jD=Jj % 0:54 compared with jD=Jj $0:1 usually expected [14] ), and CaMn 7 O 12 exemplifies a novel ME coupling mechanism.
Above Fig. 1(c) ], which are each occupied by a chain of alternating Mn 4þ and Ca 2þ ions so that the Mn 4þ and Ca 2þ ions are each surrounded by six ==c-chains of Mn 3þ ions [ Fig. 1(d) ]. The neutron diffraction measurements [10] show that in the helical magnetic state in the temperature range T N2 ð48 KÞ < T < T N1 ð90 KÞ, the Mn 3þ spins of each ==c-chain are nearly perpendicular to the c-axis and are ferromagnetic (FM) [ Fig. 1(e) ]. In each spiral chain made up of three ==c-chains, the spins of the three FM chains have a compromised arrangement with 120 between the spins of adjacent ==c-chains [ Fig. 1(f) ], showing the presence of spin frustration between them. The Mn 4þ spins, which are nearly perpendicular to the c-axis, make an angle of $90
with the Mn 3þ spins in one set of the three FM chains [dotted triangle in Fig. 1 To account for the observed magnetic structure of CaMn 7 O 12 below 90 K, we first evaluate various symmetric spin exchange interactions between the Mn1 3þ , Mn2 3þ and Mn3 4þ ions. These ions form the Mn1O 4 square planes, the axially compressed Mn2O 6 octahedra, and the [16] ). If the distance between the magnetic ions in a spin dimer is restricted to be shorter than 3.7 Å , there are seven different spin exchange paths J 1 -J 7 between the Mn1 3þ , Mn2 3þ and Mn3 4þ ions (see Fig. S1 of [16] ). We evaluate the values of the spin exchanges J 1 -J 7 by performing the energy-mapping analysis [17] on the basis of DFT þ U calculations (see Part 1 of [16] ). The justification for the use of U ¼ 2 and 3 eV in our calculations are given in Part 8 of [16] . Unless mentioned otherwise, results from our calculations with U ¼ 3 eV are presented in the following. The exchange J 1 between adjacent Mn1 3þ and Mn2 3þ ions in a ==c-chain [ Fig. 2 (a)] is strongly FM (J 1 ¼ À5:57 meV, which is an effective spin exchange obtained by setting jS i j ¼ 1, namely, J eff ij ¼ J ij S i S j for a spin dimer ij). The hybridization between the occupied t 2g states of one Mn ion and the empty e g states of the neighboring Mn ion is stronger for the FM than for the AFM spin arrangement because the energy difference between the occupied and empty d states is smaller for the FM arrangement, thereby leading to FM J 1 , which is responsible for the FM arrangement of the Mn 3þ spins in each ==c-chain. The exchange J 2 between Mn1 3þ spins between adjacent ==c-chains [ Fig. 2(b) ] is strongly AFM (J 2 ¼ 6:37 meV) due to the Mn-O . . . O-Mn supersuperexchange interactions [18] . Consequently, these interchain AFM exchanges cause a strong spin frustration between adjacent FM ==c-chains [ Fig. 1(g) ], and hence the three FM ==c-chains in each spiral chain adopt the compromised 120 spin arrangement [ Fig. 1 
has an easy-axis anisotropy (1:0 meV=Mn) with the easy-axis perpendicular to the Mn1O 4 plane [ Fig. 2(a) ], while the Mn2 3þ ion has an easy-plane anisotropy (1:5 meV=Mn) with the easy-plane perpendicular to the axially-compressed Mn-O bonds (see Part 4 of [16] for details). As depicted in Fig. 2(a) , the easy-axis of the Mn1 3þ spin and the easy-plane of the Mn2 3þ spin are much closer to the ab-plane than to the c-axis. ions, the site number 0 refers to the Mn 4þ ion, the site numbers 1-3 to three pairs of Mn1 3þ and Mn2 3þ ions with identical spin direction, and the site numbers 4-6 to another three pairs of Mn1 3þ and Mn2 3þ ions with identical spin direction. For simplicity, we set jS i j ¼ 1, and define the unit vector e x along the direction of S 1 þ S 4 , and e y orthogonal to e x in the plane as in Fig. 3(a) so that e z ¼ e x Â e y points toward the reader. Thus, if S 1 Â S 4 is along e z , then S 4 À S 1 is along e y , i.e., S 1 ÀS 4 jS 1 ÀS 4 j ¼ e y sign½e z Á ðS 4 Â S 1 Þ. The spins of the two different sets make the angle of 120 between them. Given as the angle the spin vector S 0 makes with e x , then the total spin exchange interaction energy E SE of a Mn 4þ spin with its 12 adjacent Mn 3þ spins is given by
Therefore, as long as the sum (J 3 þ J 4 ) is negative (i.e., net FM), which is indeed the case (see Part 8 of [16] ), the lowest energy occurs for ¼ 0 , i.e., for the (60 , 60 ) arrangement of the Mn3 4þ spins. This argument is confirmed by direct DFT þ U calculations for the energy E SE ðÞ of CaMn 7 O 12 with the Mn1 3þ and Mn2 3þ spins fixed at the experimentally observed orientations but the spin orientation of the Mn3 4þ ions varied as a function of the angle . We find the minimum of E SE ðÞ at ¼ 0 [ Fig. 3(c) ], consistent with the above analysis, but in disagreement with the experimental finding that the minimum of E SE ðÞ occurs at jj % 30
[i.e., for the (90 , 30 ) arrangement] [10] . DFT þ U þ SOC calculations show the energy minimum of E SE ðÞ-at m ¼ À11
[ Fig. 3(c) ]-in qualitative agreement with experiment indicating the DM interactions to be responsible for the (90 , 30 ) spin arrangement of the Mn3 4þ ions (see below). We point out that m ¼ À28 is obtained from DFT þ U þ SOC calculations with U ¼ 2 eV, in good agreement with experiment (see Part 8 of [16] ). We now examine the ferroelectric polarization of CaMn 7 O 12 by simulating the experimental helical magnetic state with the commensurate helical state k ¼ ð0; 1; 1Þ in terms of the hexagonal unit cell. Our DFT þ U þ SOC calculations show that this helical state has a band gap of 0.45 eV and is more stable than the FM state by 18 meV per FU. The ferroelectric polarization of this helical state with jj % 30 is along the z direction (i.e., c-direction) with P z ¼ 4496
Consequently, the giant ferroelectric polarization of CaMn 7 O 12 is caused mainly by exchange striction rather than by SOC.
Given the above finding, it is important to probe which symmetric spin exchange interaction is crucial for the large ferroelectric polarization. Thus we first extend our general spin current model for ferroelelctric polarization [12] to include spin dimers with no centrosymmetric symmetry because the spin dimers of CaMn 7 O 12 are noncentrosymmetric (see Part 5 of [16] ). For a spin dimer containing two spin sites 1 and 2 with no inversion symmetry at the center, the polarization P 12 induced by the spin arrangement (S 1 , S 2 ) in the absence of SOC effect can be written as the usual symmetric exchange striction term P 12 ðS 1 ; S 2 Þ ¼ P es ðS 1 Á S 2 Þ. For the seven exchange paths of the experimental CaMn 7 O 12 structure, we evaluate their P es by performing DFT þ U calculations using an energymapping method similar to that used to extract the spin exchange parameters [17] . Our calculations show that two exchange paths J 4 and J 5 have the largest coefficients, namely, P ) interactions with the Mn2 3þ spins of the dashed triangle. The difference electron density map between the FM and AFM coupling cases ( Fig. S5(d) of [16] ) shows the transfer of some electrons from the Mn2 d x2Ày2 to the Mn3 d z2 state.
To understand the role played by SOC [19] on the spin direction of Mn3 4þ , we calculate the DM vectors associated with the seven spin exchange paths J 1 -J 7 using our energy-mapping method [17] . The DM vector for the Mn2 3þ and Mn3 4þ ions in the exchange path J 4 is anomalously large, namely, jD 4 j ¼ 1:61 meV and D z 4 ¼ 1:36 meV. The latter is about 54% of the symmetric exchange interaction J 4 (see Table S1 of [16] ). Why the DM interaction D 4 is so strong is discussed in Part 7 of [16] . The DM vector for the Mn2 3þ ions in the exchange path J 5 is also relatively large but is not relevant for determining the Mn3 4þ spin direction. To see if the DM interaction associated with D 4 is indeed responsible for the Mn3 4þ spin direction, we now write the total spin interaction energy E tot of Mn3 4þ with its 12 neighboring Mn 3þ ions as E tot ¼ E SE þ E DM , where E SE is given by Eq. (1), and the DM interaction energy E DM ðÞ by 
